Soil organic matter (SOM) is a major terrestrial pool for soil organic carbon (C) and nitrogen (N). Soil C mineralization is the process in which soil organic C is mineralized by microbial decomposers to inorganic C, resulting in CO~2~ emissions. Similarly, soil N mineralization is the process in which soil organic N is mineralized to inorganic forms (mainly NH~4~^+^ and NO~3~^−^) by microbial decomposition which provide the available N for plant growth[@b1][@b2]. Soil C and N mineralization is a central process in SOM decomposition, and has a critical influence on the structure and function of terrestrial ecosystems[@b3][@b4]; soil C and N cycles are closely coupled[@b5][@b6]. SOM decomposition rates increase with increasing temperature, which is commonly expressed as an exponential function[@b7][@b8]. Under global warming scenarios, increasing temperature may accelerate SOM decomposition and consequently release more CO~2~ from soil to the atmosphere and create a positive feedback to warming[@b9]. An alternative scenario is that increased SOM decomposition rates would result in more soil N being available for vegetation growth, which may enhance CO~2~ uptake by plants and offset, to some extent, the CO~2~ generated from SOM decomposition and even create a negative feedback[@b6][@b10]. Therefore the different C:N ratios of C and N mineralization in SOM decomposition would regulate soil available N supply and influence plant growth and production; they would also be key factors that affect the C budget in terrestrial ecosystems[@b11][@b12]. The issue would become more complicated because of the variation in soil properties and new SOM input due to changes in vegetation types. The intrinsic relationship of the soil C and N mineralization process is still unclear, although some studies have reported a soil C and N coupling cycle[@b5][@b13]. It is therefore important to understand how vegetation changes influence coupled soil C and N mineralization, and whether the availability of these nutrients may be varied by changes in mineralization processes.

The average global atmospheric temperature is predicted to increase by at least 2°C by the end of the 21st century[@b14]. Many studies have investigated the response of SOM decomposition to changes in temperature, which is commonly expressed as temperature sensitivity (*Q*~10~) and represent the ratio of SOM decomposition rates at one temperature to a temperature 10°C lower[@b7][@b8]. To date, some studies have shown that *Q*~10~ values varied according to spatial scale and vegetation type[@b15][@b16]. Because of the lack of measured *Q*~10~ values for different ecosystems or land-use types, most models of C and N cycling assigned *Q*~10~ a constant value of approximately 2[@b17][@b18], which has resulted in uncertainty in estimating and predicting the effect of climate change on terrestrial ecosystems.

SOM decomposition involves a series of biochemical reactions catalyzed by enzymes with different *Q*~10~ values that are produced by microorganisms; temperature has a strong influence on microorganisms and enzyme production and activity[@b19]. The carbon quality-temperature (CQT) hypothesis, based on the principles of thermodynamics and enzyme kinetics, has been proposed to explain SOM decomposition and substrate quality. This hypothesis assumes that the decomposition of lower-quality substrates with recalcitrant molecular structure requires higher activation energy (*E~a~*) and thus has a greater *Q*~10~ value[@b20][@b21]. However, whether the hypothesis is simultaneously applicable to both soil microbial C and N mineralization especially for different vegetation types has not been experimentally verified, although it have been proved for soil C mineralization[@b22][@b23] or N mineralization[@b19] alone. Soil C and N mineralization processes have accelerated under global climate change, and changes in *Q*~10~ values may affect SOM composition and have strong effects on the C budget of terrestrial nutrient cycling ecosystems. Understanding the changes in *Q*~10~ of C and N mineralization in different vegetation types is therefore essential for predicting SOM decomposition under warming scenarios[@b17][@b18].

To clarify the effects of vegetation changes on soil C and N mineralization, we selected four forest types that are widely distributed in temperate northern China and represent different types of vegetation changes. We performed a laboratory soil incubation experiment under different temperature conditions. The main objectives of this study were to (1) investigate the influence of forest type on soil C and N mineralization and their coupled relationships, (2) explore the influence of forest type on the *Q*~10~ of SOM decomposition, and (3) verify the assumption that the CQT hypothesis applies to not only C mineralization but also N mineralization simultaneously.

Results
=======

Soil properties
---------------

Changes in forest types had a significant influence on soil pH, SOM content, and total N in soil ([Table 1](#t1){ref-type="table"}). Moreover, the C:N ratio of soil and litter varied among different forest types and were in the order: PT \> LP \> QL \> SS. The C:N ratio of litter especially differed significantly in all forest types (P \< 0.05).

Soil C and N mineralization
---------------------------

Cumulative soil C mineralization differed significantly among four forest types (P \< 0.0001, [Table 2](#t2){ref-type="table"}) and was the highest in SS, followed (in decreasing order) by LP, QL and PT ([Figure 1](#f1){ref-type="fig"}). Incubation temperature also had a significant positive effect on soil C mineralization (P \< 0.0001), and there was a significant interactive effect of forest type and temperature on soil C mineralization (P \< 0.0001; [Table 2](#t2){ref-type="table"}). Both forest type and incubation temperature had significant effects on soil N mineralization (P \< 0.0001), with apparent interactive effects (P \< 0.0001; [Table 2](#t2){ref-type="table"}). Cumulative soil N mineralized in all temperature treatments was the highest in LP, followed by SS, QL and PT ([Figure 1](#f1){ref-type="fig"}).

Coupling of soil C and N mineralization
---------------------------------------

Soil C and N mineralization were closely coupled, as seen in the C:N ratio of decomposed SOM in all forest types (P \< 0.0001; [Figure 2](#f2){ref-type="fig"}). The C:N ratios of decomposed SOM were 3.67, 3.29, 4.12 and 2.54 in the QL, LP, TP, and SS plots, respectively. There was a significant positive linear correlation between soil C and N mineralization and a relatively stable C:N ratio under different forest types. In addition, the C:N ratios of SOM decomposition showed a significant negative correlation with soil pH (R^2^ = 0.99, P = 0.0043; [Figure 3](#f3){ref-type="fig"}), but was not related to soil C and N content or soil C:N ratio.

Influence of forest type on the Q~10~ of SOM decomposition
----------------------------------------------------------

Forest type changes significantly influenced the *Q*~10~ values of soil C mineralization (F = 167.63, P \< 0.0001). The *Q*~10~ value varied from 1.40 to 2.31, depending on temperature and was the highest in QL, followed by LP, PT, and SS ([Figure 4](#f4){ref-type="fig"}). The *Q*~10~ value of soil N mineralization (2.14--3.16) also significantly differed among forest types (F = 12.13, P \< 0.0001) in descending order as SS \> QL \> LP \> PT ([Figure 4](#f4){ref-type="fig"}).

CQT hypothesis in relation to soil microbial C and N mineralization
-------------------------------------------------------------------

*E~a~* of SOM decomposition significantly decreased with the increasing quality index of SOM (Q)(R^2^ = 0.98, P \< 0.0001 for soil C mineralization; R^2^ = 0.36, P = 0.0145 for soil N mineralization; [Figure 5](#f5){ref-type="fig"}). Logarithmic equations can well fit the negative relationships between *E~a~* and Q ([Figure 5](#f5){ref-type="fig"}). Additionally, the *E~a~* values of soil C mineralization logarithmically decreased with the increasing Q index in all plots (R^2^ = 0.78, P \< 0.0001 for QL; R^2^ = 0.57, P \< 0.0001 for LP; R^2^ = 0.95, P \< 0.0001 for PT; R^2^ = 0.89, P \< 0.0001 for SS; [Figure 6](#f6){ref-type="fig"}). Therefore, the CQT hypothesis of SOM decomposition is applicable to both soil microbial C and N mineralization in different forest types.

Discussion
==========

Forest type has substantial impact on soil C and N mineralization. In forest ecosystems, litter can be the major source of SOM, and changes in dominant plants species can affect the quality and quantity of litter input, SOM decomposition process, and nutrient cycling[@b24][@b25][@b26][@b27]. Agren et al.[@b28] found that the stoichiometry of C and N exerted a strong interaction on litter decomposition and showed large scale variations in different regions. In our results, the C:N ratio of litter was significantly different in the four forests and was positively correlated with the C:N of SOM to some extent. Thus, forest type can influence litter quality, soil biochemical properties[@b28][@b29], SOM quality[@b30], and microbial community structure[@b31], all of which can influence SOM decomposition. In addition, habitat changes have complex effects on SOM decomposition by affecting soil temperature, moisture, nutrient availability, and microbial community[@b32][@b33][@b34]. Ouyang et al.[@b35] reported that soil C and N mineralization increases with the successional stage. Soil C and N mineralization was significantly higher in natural forests than in pine forest plantations. Wu et al.[@b36] suggested that soil C mineralization would be the highest in a secondary forest and lowest in a plantation.

Both soil microbial C and N mineralization increased significantly with increasing temperature in all forest types. As global warming progresses, increased surface temperatures will promote SOM decomposition. Accelerated decomposition rates will result in greater quantities of CO~2~ being emitted into the atmosphere, thus exacerbating the greenhouseeffect[@b9]. However, higher availability of soil N and other nutrients due to SOM decomposition can facilitate photosynthesis and growth, leading to enhanced sequestration of atmospheric CO~2~[@b6][@b10]. Primary productivity in many terrestrial ecosystems is limited by available N in the soil, so the ratio of available C to N will directly influence the response of vegetation to climate change[@b4]; this highlights the importance of soil C:N mineralization ratios under changing climate conditions.

Our findings demonstrated the coupling effects of soil C and N mineralization in SOM decomposition and revealed that forest type can influence this coupled relationship in view of the mineralized C:N ratios. The variation in soil mineralized C:N ratios could be attributed primarily to the differences in litter and root content, and microbial community composition among the vegetation types[@b30]. The relationships between soil C and N mineralization in different forest types were closely related to soil pH, which influenced the composition of soil microorganism[@b31]. Although the C:N ratios of mineralization differed among forest types, the mineralized C:N ratio was relatively stable within a given forest. The mechanisms that control the coupling relationship of soil C and N mineralization need to be studied further. In our study, the mineralized N was calculated by the different values of soil inorganic N (NH~4~^+^-N + NO~3~^−^-N) before and at the end of the incubation experiment, which represented the soil net N mineralization. Calculation methods that do not account for soil N immobilization in the incubation process would show some uncertainties. In practice, some reasons promote us to select the methods. First, net N mineralization in the soil should include the total effects of mineralization and immobilization. However, the immobilized N can be re-mineralized, which is an integral part of the mineralization-immobilization turnover; it is therefore very difficult to accurately estimate the mineralization and remobilization rates[@b37][@b38]. Secondly, according to Koch et al.[@b19] and Wang et al.[@b39], soil N immobilization may not be a major N flux during the short incubation period. Therefore, most studies calculated net N mineralization in the soil as the amount of N released from the indigenous organic N pool, not including immobilized N[@b4][@b26][@b40][@b41][@b42]. Theoretically, C:N ratio of soil C and N mineralization could be equal to C:N ratio of SOM, so we supposed that immobilization should explain to some extent the difference of C:N between SOM and soil C and N mineralization in different forest types[@b40]. However, changes in SOM properties and microbial N utilization strategies should play more important roles in determining the different ratios of soil C and N mineralization. The underlying mechanisms for above assumption need to study in the future.

Forest type significantly influence the *Q*~10~ of soil C and N mineralization. Here, the *Q*~10~ values of soil C and N mineralization varied from 1.40 to 2.31 and from 2.14 to 3.16, respectively. Koch et al.[@b19] reported *Q*~10~ values for soil C and N decomposition as 1.5--2.7 and 1.3--2.8, respectively. A meta-analysis by Raich and Schlesinger[@b43] demonstrated that the *Q*~10~ values of SOM decomposition ranged from 1.3 to 3.3 worldwide. Changes in the vegetation altered plant species composition and litter quality[@b26], thus influencing soil C:N ratios and microbial community composition[@b29][@b30][@b44], all these factors affect SOM decomposition and temperature sensitivity. He et al.[@b45] demonstrated that high N:C ratios in added substrates enhanced SOM decomposition rates and temperature sensitivity.

We found that the highest *Q*~10~ values for C mineralization in QL plots and the highest *Q*~10~ values for N mineralization in SS plots. The findings suggested that decomposition in natural forests would be more sensitive to global warming than that in artificial plantations. However, most biogeochemical models still consider *Q*~10~ as a constant of about 2[@b17][@b18], which leads to large uncertainty in estimating soil C and N cycling at regional and global scales. Understanding the effects of vegetation change on *Q*~10~ is critical for accurately predicting the responses of terrestrial ecosystems to climate change.

The CQT hypothesis is applicable to both soil C mineralization and N mineralization simultaneously. The principles of enzyme kinetics suggest that the energy required for SOM decomposition is correlated with substrate quality[@b22]. The higher *E~a~* associated with the breakdown of recalcitrant substrates should result in a greater *Q*~10~, which provided the foundation of CQT hypothesis[@b20]. Craine et al.[@b21] used 28 soils from Alaska to Puerto Rico and demonstrated that the *E~a~* decreased with soil C mineralization rates at 20°C. Scientists defined the SOM quality by mineralization rate and verified the CQT hypothesis, where they assumed that the high quality substrate is easy to decompose and thus has higher mineralization rates. Moreover, Hartley and Ineson[@b46] found that the Q~10~ of soil respiration increased significantly with incubation time, and they assumed that substrate recalcitrance increased with the depletion of the labile soil organic C pool and supported the hypothesis. Xu et al.[@b47] showed that Q~10~ values increased with increasing soil depth, which corresponded to a decrease in labile C and increase in recalcitrant C with depth[@b48]. Similarly, other studies have verified the CQT hypothesis by distinguishing the high and low C quality subjectively[@b23][@b49][@b50]. In practice, it is difficult to evaluate the changes in labile and recalcitrant SOM because soil compounds are composed of several discrete pools with different lability[@b51] and exhibit a wide range of kinetic properties[@b52]. To avoid the above mentioned problems, we used a classic exponential equation to calculate the SOM quality index[@b19][@b50] and directly link it to the activation energy to verify the CQT hypothesis for both soil microbial C and N mineralization.

Our results showed that activation energy decreased significantly with increasing C and N quality, which was well illustrated by logarithmic equations for all forest types ([Figure 5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"}). The findings presented here indicate that the CQT hypothesis applies to not only soil C but also soil N mineralization simultaneously and is independent on forest type. Our findings provide new insights for the applicability of the CQT hypothesis and suggest new avenues for research on the decomposition of other elements and their biochemical cycles. On the basis of these results and the underlying enzyme kinetics, we assumed that the mineralization of other elements in SOM, such as P or S, may also comply with the CQT hypothesis; however, this requires further study.

Methods
=======

Study area
----------

Large expanses of a primary forest dominated by *Quercus liaotungensis* in temperate northern China have been degraded to secondary mixed conifer and broadleaved forests and many secondary shrubs as a result of anthropogenic activity over the last century. Besides, plantations of *Larix principis-rupprechtii* and *Pinus tabulaeformis* have increased since the 1950s with the implementation of restoration programs in the region.

The Dongling Mountains are located west of Beijing (39°55′--40°05′N, 115°20′--115°35′E) at an average elevation of approximately 1330 m. This region has a temperate continental monsoon climate with a mean annual temperature and precipitation of 11°Cand639 mm. The soils are classified as forest brown and cinnamon soils, which are rich in organic matter[@b53]. We selected four experimental plots, namely, a primary *Q. liaotungensis* forest (QL), *L. principis-rupprechtii* plantation (LP), *P. Tabulaeformis* plantation (PT), and secondary shrub forest (SS), respectively. These four forest types are widely distributed in northern China. The experimental plots are distributed within the same upper basalt platform and have similar primary vegetation but different disturbance history ([Table 1](#t1){ref-type="table"}).

Soil sampling
-------------

Soil sampling was conducted in early August 2013. We randomly established four plots (30 m × 40 m) in each forest type and collected 15--20 surface soil samples (0--10 cm) in each plot by using a5-cm-diameter soil auger. The soil samples were sieved (\<2 mm), and roots and visible organic debris were removed by hand. Approximately 100 g of each soil sample was air-dried for analysis of chemical properties, and the remaining soil was stored at 4°C.

Chemical analyses
-----------------

The C concentration in soil and litter (%) was measured using a modified Mebius method[@b54]. The N concentration of soil and litter (%) was measured with a modified Kjeldahl wet-digestion procedure[@b55], using a 2300 Kjeltec Analyzer Unit (FOSS, Sweden). Soil pH was measured in a soil-water slurry (1:2.5, w/w) with an Ultrameter-2 pH meter (Myron L. Company, California, USA). Soil water-holding capacity (WHC, %) and gravimetric moisture content (%) were measured at the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing[@b45].

Incubation experiment
---------------------

The incubation experiment was conducted using soils from the four forest types (QL, LP, PT, and SS) in the middle of August 2013. First, 40-g samples of fresh soil were placed in incubation bottles and adjusted to 60% WHC, which is considered optimal for microbial activity. All samples were maintained for 1 week at 15°C to avoid the pulse of mineralization. After that, the samples were incubated for 2 weeks at the four treatment temperatures (10, 15, 20, and 25°C) with four replications in incubators with constant temperature and 85% humidity. The soil moisture of the incubated samples was adjusted at 3-d intervals on a weight basis.

Soil C mineralization
---------------------

Rates of soil C mineralization were measured on the basis of the soil respiration rates six times on days 1, 3, 5, 7, 10, and 14 by using an automatic system described by He et al.[@b45] ([Figure. S1](#s1){ref-type="supplementary-material"}). The system consisted of a Li-7000 analyzer, an electric water bath to control incubation temperature, an air-flow controller, soda-lime equipment to control the initial CO~2~ concentration, an auto-sampler on a turn-plate, automatic transformation valves to control the sample bottle, and a data collector. In practice, the system first automatically lowered the CO~2~ concentration by using a bypass system of soda lime and then recorded the changes in CO~2~ concentration as it steadily increased. Rates of soil C mineralization were calculated from the slope of CO~2~ concentration and specific transformation factors as follows: where *C~MR~* is the soil respiration rate (μg C g^−1^ h^−1^); *K* is the slope of CO~2~ concentration; *V* is the volume of the incubation bottle and gas tube; *m* is soil dry weight; *α* is the transformation coefficient of CO~2~ mass, and *β* is the transformation coefficient of time.

Accumulation of mineralized soil C was calculated as: where *C~M~* is the cumulative soil C mineralized; *t*~i~ is the time of measurement; and *C~MR~*~i~ is the soil C mineralization rate at *t*~i~.

Soil net N mineralization
-------------------------

Soil N mineralization is the process that soil organic N be mineralized into inorganic forms (NH~4~^+^-N + NO~3~^−^-N), however, at the same time, the mineralized inorganic N can be immobilized into organic forms, thus soil net N mineralization is the net balance between N mineralization and N immobilization. As N immobilization is an integral part of the mineralization-immobilization turnover, moreover the immobilized N can be re-mineralized, it is hard to distinguish the two processes and accurately estimate the mineralization and remobilization rates. Besides, the immobilization is lower during the turnover, therefore we use soil N mineralization in the paper to represent soil net N mineralization as as many related manuscripts. The samples for measuring soil N mineralization were incubated for 2 weeks, and the experiment was conducted simultaneously with that for soil C mineralization. In brief, 40 g of soil samples were mixed with 100 ml of 0.5 M K~2~SO~4~ solution and shocked for 1 h; after the N minerals were extracted and filtered, concentrations of ammonium (NH~4~^+^-N) and nitrate (NO~3~^−^-N) were analyzed using a flow injection autoanalyzer (FUTURA, Alliance Instruments, France)before and at the end of the experiment. Soil N mineralization was calculated by the different values of the inorganic N (NH~4~^+^-N + NO~3~^−^-N) contents in the soil before and after incubation. The soil N mineralization rate and accumulation were expressed as: where *t*~i~ and *t*~i+1~ are the initial and ending time for the incubation, respectively; Δ*t* is the duration of the incubation; *c*\[NH~4~^+^-N\]~t~ and *c*\[NH~4~^+^-N\]~t+1~ are the concentrations of NH~4~^+^-N before and after incubation, respectively; *c*\[NO~3~^−^-N\]~t~ and *c*\[NO~3~^−^-N\]~t+1~ are the concentrations of NO~3~^−^-N before and after incubation, respectively; *L* is the volume of solution leached; *A*~amm~, *A*~nit~, and *N~M~* are the cumulative NH~4~^+^-N, NO~3~^−^N, and total N mineralized, respectively; and *N~MR~* is the N mineralization rate.

Statistical analysis
--------------------

We calculated the activation energy (*E~a~*) and temperature sensitivity (*Q*~10~) of soil C mineralization on the basis of the Arrhenius equation: where *A* is a pre-exponential parameter; *R* is the gas constant (8.314 J mol^−1^); and *T* is temperature in Kelvin (K).

[Eq. (8)](#m8){ref-type="disp-formula"} was used to calculated *E~a~* and *Q*~10~ as follows: where *T*~1~ and *T*~2~ are temperatures in K and give the 10-K temperature range for the corresponding *Q*~10~ (i.e., *T*~2~ = *T*~1~ + 10).

The carbon quality (*Q*) of SOM was calculated as: where *Q* is the carbon quality index of SOM (the exponential constant or activity at 0°C; *b* is the exponential parameter of the equation; and *T* is temperature (°C). The *E~a~* and *Q*~10~ values for soil N mineralization and the N quality of SOM were similarly calculated using [Eqs. 8](#m8){ref-type="disp-formula"}--[10](#m10){ref-type="disp-formula"}.

Statistical analyses were conducted using SPSS v. 13.0 (SPSS, Chicago, IL, USA). Univariate analysis was used to explore the effects of forest type and temperature on soil C and N mineralization and their temperature sensitivity. Differences in soil C and N mineralization according to temperatures and differences in *Q*~10~ among different forest types were examined using one-way ANOVA with a significance level of *P* \< 0.05. Regression analysis was used to evaluate the relationships between soil C and N mineralization; C:N ratio of soil mineralized; and soil pH, *E~a~*, and substrate quality. The regression equations assessed the values of R^2^, P value, as well as the Akaike information criterion.
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![Influence of incubation temperature on cumulative soil C and N mineralization according to forest type.\
QL, *Q. liaotungensis*; LP, *L. principis-rupprechtii*; PT, *P. tabulaeformis*; SS, secondary shrub forest. Same letters within a forest type indicate no significant differences (P \< 0.05).](srep06584-f1){#f1}

![Correlation between soil C and N mineralization under different forest types.\
QL, *Q. liaotungensis*; LP, *L. principis-rupprechtii*; PT, *P. tabulaeformis*; SS, secondary shrub forest.](srep06584-f2){#f2}

![Relationship between C:N ratio of soil mineralization and soil pH for all forest types.](srep06584-f3){#f3}

![Effects of forest type on the temperature sensitivity (*Q*~10~) of soil C and N mineralization.\
*Q*~10~ was calculated using the Arrhenius equation ([Eqs. 8](#m8){ref-type="disp-formula"} and [9](#m9){ref-type="disp-formula"}). QL, *Q. liaotungensis*; LP, *L. principis-rupprechtii*; PT, *P. tabulaeformis*; SS, secondary shrub forest. Same letters within a forest type indicate no significant differences(P \< 0.05).](srep06584-f4){#f4}

![Relationship between activation energy (*E~a~*) of C and N mineralization and soil substrate quality index (*Q*).\
Fitted equation: *E~a~* = *a* + *b* × ln(*Q*). *E~a~* represents activation energy; *a* and *b* are coefficients; *Q* represents soil substrate quality index, calculated from [Eq. 10](#m10){ref-type="disp-formula"}.](srep06584-f5){#f5}

![Changes in the relationships between activation energy (*E~a~*) and soil carbon quality index (*Q*) in different forest types.\
Fitted equation: *E~a~* = *a* + *b* × ln(*Q*). *E~a~* represents activation energy; *a* and *b* are coefficients; *Q* represents soil substrate quality index, calculated from [Eq. 10](#m10){ref-type="disp-formula"}. QL, *Q. liaotungensis*; LP, *L. principis-rupprechtii*; PT, *P. tabulaeformis*; SS, secondary shrub forest.](srep06584-f6){#f6}

###### Basic characteristics of the experimental plots

  Forest type                                                                Dominant species                                     Location             Altitude (m a.s.l.)         pH          Soil organic matter (%)   Soil total nitrogen (%)   C/N ratio of soil   C/N ratio of litter
  ------------------------------------------------- ------------------------------------------------------------------- ----------------------------- --------------------- ----------------- ------------------------- ------------------------- ------------------- ---------------------
  *Quercus liaotungensis* (QL)                                     *Quercus liaotungensis*, *Acer mono*                  39°57′32.20″N115°25′26.33″E          1318           6.90 ± 0.47^b^        6.92 ± 0.71 ^b^           0.30 ± 0.03 ^b^       13.11 ± 0.68 ^ab^    47.65 ± 0.73 ^c^
  *Larix principis*-*rupprechtii* plantation (LP)    *L. principis-rupprechtii*, *Q. liaotungensis*, *Ulmus davidiana*   39°57′34.30″N115°25′49.92″E          1302           7.05 ± 0.18^ab^       10.36 ± 1.61^a^           0.46 ± 0.07 ^a^       13.54 ± 1.42 ^ab^    51.53 ± 0.66 ^b^
  *Pinus tabulaeformis* plantation (PT)                    *P. tabulaeformis, Q. liaotungensis*, *U. davidiana*          39°58′11.09″N115°25′52.06″E          1278           6.58 ± 0.49 ^b^       6.90 ± 0.81 ^b^           0.30 ± 0.05 ^b^       13.73 ± 1.73 ^a^     82.85 ± 2.62 ^a^
  Secondary shrub forest (SS)                                     *Spiraea pubescens Deutzia grandiflora*                39°57′48.93″N115°26′28.01″E          1265           7.44 ± 0.01 ^a^       5.97 ± 0.12 ^b^           0.29 ± 0.04 ^b^       11.61 ± 1.30 ^b^     28.58 ± 0.27 ^d^

Data are represented as means ± 1 SD (n = 4). The same superscript letters within each column indicate no significant difference among forest types at the P \< 0.05 level (ANOVA).

###### Influence of forest type and incubation temperature on soil C and N mineralization

                      C mineralization   N mineralization            
  ------------------ ------------------ ------------------ --------- ----------
  Forest type (FT)         710.83            \<0.0001       30.922    \<0.0001
  Temperature (T)         1452.387           \<0.0001       134.224   \<0.0001
  FT × T                   18.855            \<0.0001        6.511    \<0.0001

[^1]: These authors contributed equally to this work.
